A group of Spanish-and English-speaking listeners participated in a multidimensional scaling (MDS) study examining perceptual responses to three Spanish and seven English vowels. The vowel stimuli represented tokens of Spanish/i/,/e/, and/a/and English/i/,/i/,/ei/,/oe/,/•e/,/n/, and/a/. Each vowel had been spoken by three monolingual talkers of Spanish or English and all possible vowel pairs (405 pairs) were presented to listeners (excluding pairs representing the same vowel category). Thirty monolingual English listeners and thirty native Spanish listeners who had learned English as a second language rated these vowel pairs on a nine-point dissimilarity scale. These perceptual distances were then analyzed using the individual-differences version of ALSCAL. Results demonstrated that the English monolinguals used three underlying dimensions in rating vowels while the Spanish-English bilinguals used just two. The most salient perceptual dimension for both groups distinguished vowel height. However, for the English listeners, this dimension was most significantly correlated with duration and indicated a language-dependent sensitivity to this phonetic feature. The second dimension for the English listeners represented a front-back distinction, while the third reflected a central/noncentral distinction. For the Spanish listeners, the second dimension was less easily interpreted. However, the perceptual data for the Spanish listeners was more interpretable in terms of the distribution of the vowels in the two-dimensional perceptual plane. The vowels were distributed in terms of three separate vowel clusters, each cluster near the location of a Spanish vowel. Separate MDS analyses were carried out for subgroups of Spanish listeners who were relatively proficient or nonproficient in English. The vowel space of the proficient Spanish listeners was more Englishlike than that of the nonproficient Spanish listeners, suggesting that the perceptual dimensions used by listeners in identifying vowels may be gradually modified as proficiency in the second language improves.
INTRODUCTION
Languages differ not only according to the number of vowels used to contrast meaning, but also in terms of the phonetic properties that are used to distinguish the vowels they possess. Such differences should have implications in terms of how listeners perceive vowels, especially in the case of identifying phonetic qualities that are not represented in a listener's native language (L1).
A number of different studies have examined the perception of vowels by speakers of different languages. For example, Stevens et al. (1969) asked American and Swedish listeners to identify the tokens of two synthetic vowel continua: One composed of unfounded vowels ranging from/i/ to/oe/and a second composed of vowels ranging from unrounded/i/to rounded/u/. As could be expected, the Swedish listeners identified fewer vowels as/i/than did the English listeners (who have no phonemically distinct /u/), demonstrating that differences in the identification of vowels can be significantly related to the vowel inventory of the listener's L1. However, ABX discrimination of these vowel tokens was very similar for the two groups, suggesting that discrimination may have been used on more universal auditory factors. Indeed, Terbeek (1977) suggested that listening to vowels in a psychophysical mode might reduce or eliminate such cross-language differences (although this mode of processing is likely to be quite different from that employed in natural speech perception). Scholes (1967 Scholes ( , 1968 ) required listeners from many different language groups to identify, using keywords, the tokens from a matrix of synthetic vowels formed by factorally combining F1 and F2 values. He found different patterns of identification depending upon the language background of the listener. Again, these results indicated that the identification of vowels depends, at least in part, on the number and nature of the vowel categories in the listener's native language. Terbeek (1977) obtained dissimilarity judgments among a set of 12 monophthongs from speakers of English, German, Thai, Turkish, and Swedish (languages that have significantly different vowel inventories). Using multidimensional analysis, he found significant perception differences as a function of language groupsdifferences that depended upon both vowel inventory and patterns of phonological opposition.
More recently, Bradlow (1993) examined the relationship between vowel inventory and vowel production and perception, specifically comparing English and Spanish listeners on three different vowel contrasts: [i-e], [u-o], and [e-o].
In her perceptual studies (using Kuhl's, 1991, "radial-rating" methodology), she found that these two groups of listeners exhibited different response patterns (identifications and goodness ratings) to the same stimuli and related these differences to the structural differences between the English and Spanish vowel space.
These studies (and others) have provided insight into cross-language differences in vowel perception, revealing likely differences in perception that depend on the nature of the listener's L1 vowel inventory. For example, Butcher (1976) suggests that a pair of vowels drawn from a portion of the acoustic vowel space that is crowded in the listener's L1 will be perceived as more dissimilar than an equidistant pair of vowels drawn from an uncrowded portion of this acoustic space. This, in turn, implies that the psychological vowel space of individuals who speak different languages may differ, perhaps through the use of different perceptual dimensions or the differential weighting of these dimensions. The present study--an extension of an earlier study by
Flege et al. (1994)--compares vowel perception in monolingual English listeners and bilingual Spanish-English listeners. Of particular interest is how these adult bilinguals perceive English vowels that do not have a counterpart in Spanish (i.e., new vowels) as opposed to English vowels that do have a counterpart in Spanish (i.e., similar vowels).
A total of 60 listeners (30 monolingual English and 30 Spanish-English bilinguals) rated pairs of vowels for degree of perceived dissimilarity. The vowel stimuli used were natural tokens of Spanish/i/,/e/, and/a/and English/i/,/!//eI/, /el,/a:/,/n/, and/o/. Three monolingual Spanish talkers each contributed one token of the Spanish vowels, and three English monolinguals did so for the English.vowels. Listeners used a nine-point scale to rate vowel pairs for degree of perceived dissimilarity. The mean ratings for each possible pairing of the ten vowel categories (3 Spanish, 7 English) were submitted to multidimensional scaling (MDS) analysis.
Earlier MDS analyses have examined the mean ratings of vowels by listeners differing in L1 background (Pols et al., 1969; Terbeek, 1977; Terbeek and Harshman, 1971, 1972;  Butcher, 1976), but this technique has apparently not been applied to ratings of multiple natural tokens of vowels drawn from two different languages.
In our earlier study (Flege et al., 1994) , we analyzed the obtained raw dissimilarity scores looking for significant differences in the perceptual distances between individual pairs of vowels but did not use MDS analysis. This approach had the disadvantage that no direct representation of the underlying perceptual processes (e.g., the perceptual "features" or "dimensions" used in the identification or comparison of vowel quality) of the two language groups were compared. The use of MDS techniques will allow us to develop and compare models of these underlying perceptual structures. The primary aim of the present study was thus to determine the extent to which the Spanish-English bilinguals and En- in the carder phrases Now I say __. The first syllables of these tokens, which were stressed, were then edited out and normalized for peak intensity. All of the talkers were male (which removes gender differences as a distracting factor).
A pilot experiment requiring native listeners of each language to identify and rate for goodness CVs from their native language, was used to select good exemplars of each vowel category and to reduce the CVs to a manageable number. On the basis of these data, the CVs spoken by two of the English talkers were eliminated. The Spanish corpus was reduced proportionally by eliminating the CVs spoken by the Spanish talkers whose tokens received the lowest average goodness ratings. The goodness ratings were then used to select one of the three available tokens of each vowel category from each talker. Acoustic measurements were made of the nine Spanish (3 Spanish vowelsX3 talkers) and 21 English CVs (7 vowelsX3 talkers) that were selected. These measurements included voice onset time (VOT) and fundamental frequency (F0). Formant frequencies were estimated at three locations in each vowel: At a point 20 ms from the onset of periodicity (designated the vowel "onset"), at the acoustic midpoint, and at a point 20 ms from the end of the periodic portion (the vowel "offset"). These values are shown in Table I As expected, the Spanish/p/s and English go/s had similar mean VOT values (12 and 9 ms, respectively). The English tense and lax vowels differed in duration and low vowels were longer than high vowels. Also as expected, the English vowels tended to be longer than Spanish vowels of the same height, perhaps due to differences in the effect of stress on vowel duration in English and Spanish (Delattre, 1964 (Delattre, , 1966 . The format frequency values were also consistent with previous studies (Skelton, 1969; de Manrique, 1972, 1975; Godinez, 1978) .
These naturally produced vowels were not monophthongs. In particular, vowel onsets and offsets were affected by the adjacent consonants, and several English vowels show intrinsic dynamic movement (e.g., /e[/). The movement of the first two formants in the Spanish and English vowels are illustrated in Fig. 1 
B. Listeners
Sixty subjects were recruited in Birmingham, Alabama to serve as paid listeners. Half (10 males, 20 females) were monolingual speakers of American English and half (7 males, 23 females) were native listeners of Spanish who had learned English as an L2 (more detail about the background of these listeners can be found in Flege et at., 1994). One aim of the present study was to determine if the proficient Spanish listeners would resemble native English listeners in perceiving vowels more closely than native Spanish listeners who were relatively nonproficient in English. Using an estimate of each Spanish listener's proficiency (based on selfratings and experimenter's ratings of their overall ability to pronounce English), the Spanish listeners were assigned to a "proficient" or "nonproficient" subgroup. Each subgroup contained 13 listeners (four listeners with proficiency rankings near the middle of the group were not assigned to either group; this was intended to help avoid overlap in actual English-language proficiency between the two subgroups).
These two subgroups differed in several respects. The proficient listener's self-ratings, and those obtained from the experimenter, were higher than those for the nonproficient listeners (5.4 vs 3.; 5.1 vs 3.7). The proficient listeners were somewhat younger (30 vs 38 years) and had lived slightly longer in the US (4.1 vs 3.7 years) than the nonproficient listeners. They had also arrived at a somewhat earlier age in the US (23 vs 31 years), had studied English longer in school than the nonproficient listeners (9.3 vs 6.6 years), and reported using English more on a daily basis than did the nonproficient listeners (69% vs 43%). The proficiency rankings were not significantly correlated with age, length of residence in the US, or number of years studying English. There was a significant correlation between the proficiency rankings and percentage daily use of English (r =0.537, p <0.01), and a significant negative correlation between these rankings and age of arrival in the US (r=0.435, p<0.02). All listeners were tested in a sound booth, where the CVs were presented binaurally over headphones at a comfortable listening level after having been converted from digital to analog form (at a 12-bit sampling rate) and lowpass filtered at 4.8 kHz. The listeners used a nine-point scale to rate the vowels in CV pairs for degree of dissimilarity. The scale end points were defined by the labels "very similar" (1) and "very dissimilar" (9). The listeners were told to use the whole scale, and to guess if uncertain. Listeners were not trained on the rating task, but they were given practice with very dissimilar, moderately dissimilar, and very similar CV pairs (pseudorandomly sampled from the test set) before the experiment began. Each pair was presented 1.0 s after the last response. A relatively long ISI of 1.2 s was used to encourage the use of phonetic codes in long-term memory (e.g., Pisoni, 1973 Pisoni, , 1975 Fox, 1983 Fox, , 1985 Fox, , 1989 A total of 33 acoustic measures were examined in the correlation analyses. Most of these acoustic measures were described previously in Sec. I. In addition, F1-F0, F2 -F1, and F3 -F2 bark-difference values were computed as suggested by Syrdal and Gopal (1986). Bark differences were computed for frequencies observed at the onset, midpoint, and offset of vowels. As a measure of formant movement, the slopes of the F1, F2, and F3 trajectories from onset-to-midpoint, midpoint-to-offset, and onset-to-offset were calculated. In addition, given the suggested interpretation that dimension 3 of the English vowel space reflects a central-noncentral distinction, the Euclidean distances between the vowel onsets, midpoints, and offsets in the formant 1 by formant 2 plane (see Fig. 1 ) and the location of the neutral vowel (Fl=500, F2= 1500) in this plane were also (Kreiman et al., 1990) .
The MDS analyses did reveal two differences between the proficient and nonproficient listeners, however. First, in each of the Spanish vowel spaces, dimension 2 was identified as representing a possible central/noncentral dimension (bearing some broad similarity to dimension 3 in the English space). the greater the Spanish listener's proficiency in English, the more the reliance on dimension 2. Second, the perceptual distances between vowels in the vowel space of the proficient listeners were more highly correlated with the intervowel distances in the English vowel space than were the perceptual distances in the nonproficient Spanish space. These differences would support a claim that listeners' perceptual processes change gradually as a function of their developing production capabilities. Clearly further research is needed to understand how vowel perception and production may change during adult second language acquisition. For example, in the present study, there were at least two limitations. First, the lack of high, back vowels in the stimulus set may have warped the perceptual space of both sets of listeners to some degree and it may have contributed to the difficulty in interpreting dimension 2 in the Spanish vowel space. Second, the use of tokens from more than a single talker was problematic because it introduced intracategory variations that could not be handled well from the MDS approach utilized. It would be useful to conduct a similar MDS study in a future experiment utilizing tokens from a single talker of a representative sample of the vowel distinctions found in English and Spanish.
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APPENDIX
As described in the main body of this paper, in MDS studies it is common to relate the perceptual dimensions extracted with the acoustic/auditory properties of the stimuli themselves. A technique commonly used to examine these relationships is correlational analysis (e.g., Terbeek, 1977; Fox, 1983) . As noted in the body of the paper, the three Spanish and seven English vowels were represented by three tokens that had been produced by three different talkers. Accordingly, the acoustic values examined in the correlation The slopes of the F l, F2, and F3 trajectories from the onset to midpoint, midpoint to offset, and onset to offset were also calculated. In addition, given the suggested interpretation of dimension 3 of the English vowel space as reflecting a central-noncentral distinction, the Euclidean distances between the vowel onsets, midpoints, and offsets in the formant 1 by formant 2 plane (see Fig. 1 ) and the location of the neutral vowel (F1 =500, F2=1500) were also calculated.
These correlations ;ire shown in Table AI. It is also useful to have a quantitative measure of the similarity between one perceptual dimension and another (e.g., the similarity between dimension 3 in the English vowel space and dimension 2 in the Spanish vowel space).
To do this, we have calculated the correlation between all possible pairs of perceptual dimensions described in this paper. These correlations are shown in Table/ 2It is a commonplace in MDS studies to exclude identical vowel pairs from the stimulus set for the dissimilarity rating task. Dissimilarity ratings represent distances between two objects in a perceptual space and it is assumed that the distance between an object and itself is zero. The experimental procedure utilized here is somewhat different than is normally encounlered since we are excluding vowel pairs that are not identical but which represent the same vowel category (e.g., English It/, Spanish /el, etc.). However, the principle is the same. Namely, we are assuming that the distance between one instance of a vowel category and another instance of the same category is zero. Clearly it would be of great interest to examine intracategory differences perhaps using an approach like that taken by Kewley-Port and Atal (1989), but that will be left to future studies.
3As was noted by an anonymous reviewer, another way of comparing the vowel spaces of these two groups of listeners would be to analyze the entire set of data together and then determine whether the two groups placed differential reliance on the obtained dimensions by analyzing the subject weights. The disadvantage of this approach is that if the vowel spaces of the two groups are very different, then the vowel space obtained in such an analysis might be unrepresentative of either group's underlying perceptual space. For example, note the differences between the overall group vowel space and the vowel spaces from the individual language groups in Terbeek (1977) . However, in order to be thorough, this type of analysis was done using data from the 30 English listeners and 26 Spanish listeners (the 13 proficient and 13 nonproficient listeners used in the supplementary MDS analyses). A two-dimension vowel space was obtained. Dimension I was interpreted as a high/low dimension and was similar to that obtained for the English listeners only. The second dimension was much less interpretable (it could be considered a weak diphthongal/monophthongal dimension since it separated/eft and to a lesser extent,/m/from the other eight vowels). The subject weights were examined using a two-way ANOVA with the between-subject factor language group and the within-subject factor dimen- 
